We experimentally investigate the atomic ionization process in an extreme-ultraviolet (XUV) pulse train generated by the high-order harmonic generation process and an IR laser field. Compared with the electron spectrum ionized only by the XUV pulse train, the electron energy spectra generated in the two-color field exhibit two characterizations: (1) the spectrum is smoothed in the presence of a weak IR field, and (2) the spectrum is asymmetrically broadened when using an intense IR field. Simulation results based on the frequency-domain theory qualitatively agree with the experimental spectra. We demonstrate that the asymmetrically broadened spectrum could be interpreted by a clear two-step ionization picture: an electron wavepacket is ionized from the atomic ground state by the XUV pulse train, and then the energy of it is asymmetrically changed by absorbing or emitting specific IR photons.
INTRODUCTION
The electron ionization process from atoms or molecules in a strong laser field is widely investigated as a crucial step in light-matter interaction. In particular, after the first demonstration of the isolated attosecond pulse in the extremeultraviolet (XUV) range [1] , it is possible to detect the electron dynamics with attosecond resolution. The most widely used method to measure the pulse duration of the isolated attosecond pulse is the attosecond streak camera [2] . In a typical pump-probe experiment, an electron wavepacket is ionized by an isolated XUV pulse from the ground state of a noble atom; then its momentum shifts as a free particle in the presence of a few-cycle (typically 5 fs) IR laser field. A spectrogram can be measured by scanning the delay time between the isolated XUV pulse and the few-cycle IR pulse, where the temporal characterization of the isolated XUV pulse and the IR laser can be retrieved by applying the FROG-CRAB algorithm [3] . Furthermore a lot of important technologies, such as attosecond tunnelling spectroscopy [4] and attosecond transient absorption spectroscopy [5] , have been applied in probing ultrafast electron dynamics as the milestones. In 2007, Uiberacker et al. reported the real-time observation of light-induced electron tunneling from neon and xenon for the first time. Their approach was proved to be a powerful tool to probe the electron dynamics in atoms and molecules [6] .
To date, most experiments of electron ionization dynamics have been performed with the isolated XUV pulse, where the isolated XUV pulse is used to pump or probe the electron ionization [7] [8] [9] [10] [11] . However, in order to obtain an isolated XUV pulse, besides a few-cycle laser pulse with high energy, many special technologies, for instance, the polarization gating [12] , the double optical gating [13] , and the ionization gating [14] , are needed. Compared with the isolated XUV pulse, it is much easier to generate an XUV pulse train by high-order harmonic generation (HHG) with relatively high flux [15] . Recently, efforts have been made in exploring the electron ionization process with XUV pulse trains [16, 17] . For example, Johnsson et al. experimentally observed the above-threshold ionization (ATI) spectra by using a train of XUV pulses and an IR laser field with intensity of 3.3 × 10 13 W∕cm 2 , which produced a few low-order ATI electrons. They illustrated a dramatic enhancement of the ATI spectrum when the delay time of the two fields was zero, and explained the broadening of the spectrum by the shift of the contributions from two consecutive electron wavepackets in opposite directions in energy [18] . Spectra generated by the XUV pulse train and a weak IR laser in argon were recorded by Klünder et al. [19] . By taking into account the measurement process, the different time delays between electrons promoted from different electronic states were measured. Although experimental results have been obtained with the XUV pulse train [20] [21] [22] , the physical explanation of the electron ionization process is still an open question.
In this paper we experimentally measured the electron energy spectra generated by the XUV pulse train in the presence of a sub-10-fs IR laser field, where the train of XUV pulses is obtained by the HHG process. Comparing the electron energy spectra generated with low and high IR intensities, we have found obvious distinctions. In particular, the ATI spectrum is asymmetrically broadened in the strong IR field and the peak of the whole spectrum is shifted by 14 eV, compared with the energy spectrum generated only by the XUV pulse train. In order to analyze this feature, we have presented simulations by using the frequency-domain theory [23] . Based on the simulation results, a classical interpretation is proposed to describe the ionization process. The electron wavepacket is generated by absorbing an XUV photon, and the energy spectrum of it is broadened by assimilating or ejecting specific IR photons, which is determined by the XUV photon energy and the IR intensity.
EXPERIMENTAL RESULTS
A sketch of the experimental system is shown in Fig. 1 . A commercial Ti:sapphire laser system (Femtolaser Compact PRO) based on chirped pulse amplification (CPA) technology delivers 25 fs, 0.8 mJ laser pulses at 1 kHz repetition rate. The beam is then focused into a 100 cm fused silica hollow fiber with an inner diameter of 250 μm. A beam pointing system is applied to stabilize the laser incident position into the differentially pumped fibers for a long time. After interacting with the neon, the laser spectrum is broadened, covering 450-950 nm. With a set of chirped mirrors and optics, such as the inset of the wedge, CEP stabilized sub-10-fs laser pulses up to 0.35 mJ are obtained [24] .
The system used to record the electron energy spectra is shown in Fig. 2(a) . The experimental process is as follows. First, the IR laser pulse is focused into a 2 mm length gas target filled with argon to generate an XUV pulse train by HHG; then the XUV beam and the resident IR laser are focused into a second argon gas jet by an inner Mo/Si multilayer mirror and an annular silver-coated mirror, respectively, with the same focal length of 125 mm [as shown in Fig. 2(c) ]. Finally, the ionized electrons are detected by a time-of-flight (TOF) spectrometer. The inner Mo/Si mirror is mounted on a PZT stage, which can control the delay between two beams with a resolution of 330 as. In the experiment, argon is ejected from the gas jet with an inner diameter of 20 μm to form a well-defined interaction volume, and the gas pressure is contained around 7 × 10 −4 Pa in the TOF spectrometer to avoid the space charge effect. As shown in Fig. 2(b) , a motorized iris in the system is used to control the IR intensity in the interaction volume, and an Al filter with thickness of 300 nm can be added to block the IR laser pulse reflected by the inner Mo/Si mirror. The evaluated IR intensity could be controlled from 2 × 10 12 to 6 × 10 13 W∕cm 2 . The delay between IR and XUV is set at zero in this work [25] .
Figures 3(a) and 3(b) present the experimental results of electron energy (E kin ) distributions generated by the IR and XUV laser fields, where E kin 10-30 eV. Because of the low flux of the XUV beam, the electron is ionized by the single-photon process; hence the XUV photon energy can be estimated by the electron spectrum shown in the inset of Fig. 3(a) , where the range of the XUV photon energy is from 24 to 36 eV. When the IR field is weak (3.0 × 10 12 W∕cm 2 ), almost no electrons can be ionized by IR itself. However, the shape of the spectrum by the XUV plus IR two-color laser field shown in Fig. 3(a) presents a smooth profile compared with the spectrum by only the XUV pulse train. This is because of the appearance of the sidebands produced by the weak IR laser. When the intensity of the IR laser field is increased, the electron energy spectrum [the red dotted line in Fig. 3(b) ] generated only by IR itself shows a typical structure of high-order ATI, where the IR intensity is estimated around 5.7 × 10 13 W∕cm 2 by the cutoff value of the spectrum [26] . Fig. 1 . Sketch of laser system: CPA, chirped pulse amplification. The output spectrum of the 25 fs laser pulses is broadened in the hollow fiber and then compressed to sub-10-fs with wedges and chirped mirrors. With the presence of the XUV pulse train and the strong IR laser field, the electron energy spectrum [solid blue line in Fig. 3(b) ] is obviously enhanced and asymmetrically broadened. In particular, the peak of the whole energy spectrum is shifted by 14 eV. This experimental process is different from the standard attosecond streak camera measurement for two reasons. First, the electrons are ionized by the XUV pulse train in our work rather than an isolated XUV pulse in the attosecond streak camera measurement. Second, the IR laser intensity is strong enough to generate high-energy ATI electrons (≥10 eV) itself and also to stretch the electron wavepacket ionized by the XUV pulse train in our experiment. However, in the attosecond streak camera measurement, the IR laser intensity should be limited to be strong enough to induce obvious energy shift to the electron wavepacket but not so strong as to generate ATI electrons by itself.
ANALYSIS AND DISCUSSION
In order to explain the experimental ATI spectra, we simulate the experimental results by using the frequency-domain theory. Traditionally the theoretical method by solving the time-dependent Schrödinger equation is considered as timedomain theory, where the temporal evolution of the electron wavepacket is obtained by solving the interaction between an electron and a time-dependent electric field. However, in the frequency-domain theory, the laser field is treated as a quantized field, and the ionization process of an atom in a laser field is obtained by calculating the time-independent transition matrix between two states of the atom-laser system [23, [27] [28] [29] . When an atom is exposed to a two-color linearly polarized laser field, the Hamiltonian of this atom-laser system can be expressed as H H 0 Ur V, where H 0 −i∇ 2 ∕2 ω 1 N 1 ω 2 N 2 is the energy operator for a free electron-photon laser system; N 1 and N 2 are the photon number operators of the two fields with frequency ω 1 and ω 1 , respectively; Ur is the atomic binding potential; and V is the electron photon interaction operator. According to Ref. [30] , the initial state jψ i i is the direct product of the ground state of the atom and Fock states of the laser mode, while the final state jψ f i is the quantized-field Volkov state of an electron in a two-color laser field. The transition matrix from the initial state jψ i i to the final state jψ f i can be written as
where T d and T r correspond to the direct and rescattering ATI processes, respectively. The simulated results are shown in Figs. 3(c) and 3(d) by assuming an IR field with wavelength of 800 nm and an XUV pulse train (containing ℏω XUV 15ω 1 , 17ω 1 , 19ω 1 , 21ω 1 , and 23ω 1 with intensities of 16 × 10 9 , 13 × 10 9 , 7 × 10 9 , 4 × 10 9 , and 1 × 10 9 W∕cm 2 ). These parameters are chosen by estimated experimental conditions. The result shown in Fig. 3(c) is calculated by averaging three IR intensities: 1 × 10 12 , 3 × 10 12 , and 5 × 10 12 W∕cm 2 , as well as the result shown in Fig. 3(d) A classical picture can be proposed to explain the behavior of the ionized electron in the IR field after it absorbs one XUV photon. According to Ref. [30] , the electron ionization rate depends on the XUV photon energy, and the cutoff energy of the ionized electron can be expressed as
where A cl t εE 0 ∕ω 1 cosω 1 t is the IR laser's vector potential with E 0 being the amplitude of the IR laser's electric field andε being the direction of the laser polarization. By using Eq. (2), the maximum and minimum values of the electron kinetic energy are E max 2q 2 ω 2 − I p p E 0 ∕ω 1 2 ∕2 and E min 2q 2 ω 2 − I p p − E 0 ∕ω 1 2 ∕2 or 0 (when the XUV photon energy is lower than the ionization potential), respectively. Since the intensity of the XUV pulses is weak in our experiment, one XUV photon absorption dominates the ionization process, i.e., q 2 1. As shown in Fig. 4 , the ionization process driven by the IR and XUV laser pulses can be described by a two-step process. First, one electron wavepacket is ionized into continuum state by one XUV photon absorption. Second, according to Eq. (2), the electron wavepacket absorbs or emits specific IR photons, which induces the Fig. 4 . Sketch of the ionization process in argon driven by three XUV photons (19ω 1 , 21ω 1 , and 23ω 1 ) in the presence of IR laser field. spectra asymmetrically broadened in energy. The experimental observation comes from the overlap of all the asymmetrically broadened spectra of electron wavepackets ionized by the broadband XUV pulse train with ℏω XUV 24-46 eV. In order to illustrate this broadened spectra quantitatively, comparison of electron energy in terms of the amplitude of the IR field is shown in Fig. 5 . For a specific XUV photon, the maximum (minimum) electron energy increases (decreases) with the scale of IR intensity. When the IR intensity is fixed, the maximum and minimum electron energy will increase by the XUV photon energy. From Fig. 5 , one can find that the broadening of the spectrum is asymmetric.
CONCLUSIONS
In summary, the electron ionization process of argon driven by a two-color field is investigated experimentally, and the ATI energy spectra are measured. The frequency-domain theory is used to find the physical mechanism of the experimental observations. The simulation results are in good agreement with the measured electron energy spectra. The experimental spectra can be explained by a simple physical picture, in which the electron wavepacket is ionized by the XUV pulse train, and then its energy is broadened asymmetrically by the electron absorbing or emitting more IR photons. Our results may be helpful in further applications of XUV pulse trains, such as in the multiphoton ionization process or molecule electron dynamics [31] .
